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F luo r escence  p r o pe r tie s  o f s ubmono l a ye r s  o f r h o d a m i n e  6 G  
i n  fro n t o f a  m i r ror  
G e r a r d  Cnossen ,  Ka r e l  E . D rabe ,  a n d  D o u w e  A . W ie rsma  
Univers i ty  o f  G r o n i n g e n ,  Mate r i a l s  Sc i e n ce  Cen t r e ,  Ul t rafast  L a s e r  a n d  Spec t r o scopy  Labo r a t o r y ,  
N i j e n b o r g h  4,  9 7 4 7  A G  G r o n i n g e n ,  T h e  Ne t h e r l a n ds  
(Rece i ved  3  D e c e m b e r  1992 ;  accep ted  2 1  D e c e m b e r  1 9 9 2 )  
F l uo rescence  p rope r t i es  of s ubmono l aye r s  of r h o d am i n e  6 G  h ave  b e e n  m e a s u r e d  as  a  
funct ion of d is tance to a n  a l um i n um  mir ror .  Fo r  d is tances less t han  5  n m  (space r  layers  of 1  
n m  th ickness we r e  used )  a  b r o a den i n g  of the  em iss i on  spec t rum is obse rved .  T h e  
f l uo rescence  l i fet ime has  b e e n  m e a s u r e d  for d is tances u p  to 6  m n . T h e  b r o a den i n g  of the  
f l uo rescence  spect ra  a n d  the  sho r t en i ng  of the  l i fet ime obse r ved  w h e n  the  samp l e  is c lose  to the  
m i r ro r  a r e  at t r ibuted to eff ic ient e ne r gy  t ransfer  f r om the  mono l a ye r  to the  mi r ror .  T h e  
expe r imen ts  c lear ly  demons t r a t e  that bo th  v o l ume  a n d  sur face cont r ibu t ions must  b e  
cons i de r ed  in  this ene rgy - t rans fe r  p rocess.  
INTRODUCT ION  
T h e  rad ia t ive  dynam ics  of mo l ecu l es  that l um inesce  in  
f ront of a  m i r ro r  h a ve  b e e n  s tud ied  extens ive ly  du r i n g  the  
past  decades . im3  T h e  m e tal su r face in f l uences the  rad ia t ive  
as  we l l  as  the  non rad ia t i ve  p rope r t i es  of the  emi t t ing mo l -  
ecu les.  T h e  in f l uence  of the  m i r ro r  o n  these  dynam ics  
shows  a  ma r k ed  d is tance d ependence .  In case  of emit ter -  
m i r ro r  d is tances o n  the  o r de r  of the  emi t ted  wave leng th ,  a n  
osci l la tory behav i o r  of the  f l uo rescence  l i fet ime wi th d is-  
t ance  has  b e e n  found .2  Th is  effect is asc r i bed  to the  inter -  
f e rence  b e tween  di rect ly emi t ted  waves  a n d  waves  ref lected 
f rom the  mi r ror .  Fo r  d is tances less t han  abou t  1 0  n m  the  
l i fet ime of the  exc i ted state is d om i na t ed  by  rad ia t ion less 
ene r gy  t ransfer  to the  m e tal substrate.  T h e  exc i ted mo l e -  
cu le  interacts t h r ough  the  n e a r  f ie ld wi th the  e lec t ron  g as  
of the  m e tal a n d  the  exc i tat ion e ne r gy  is d iss ipa ted  t h r ough  
va r i ous  scat ter ing p rocesses  in to the  bu lk.  A  reduc t i on  of 
the  exc i ted state l i fet ime by  seve ra l  o r de rs  of magn i t u de  is 
obse rved .  In the  case  of flat s i lver sur faces the  em iss i on  is 
e v en  comp le te ly  q uenched . 4  
Abso rp t i on  of e ne r gy  by  the  e lec t rons in  the  m e tal 
r equ i r es  m o m e n tum conservat ion .  Th r e e  d i f ferent sou rces  
can  supp ly  this m o m e n tum?’ ( 1 )  in  the  bu lk -scat te r ing 
by  phonons ,  impur i t ies,  a n d  the  crystal potent ia l ;  (2 )  scat-  
te r ing  by  the  m e tal sur face;  a n d  (3 )  f r om the  spat ia l  var i -  
a t i on  of the  near - f i e ld  of the  exc i ted mo l ecu l e  itself. P rocess  
( 1 )  dom ina t es  at l a rge r  d is tances ( 2  5  nm) ,  for wh i ch  a n  
i nve rse  c u be  d is tance d e p e n d e n c e  was  ca lcu la ted.  A  d d 4  
d e p e n d e n c e  has  b e e n  de r i ved  for p rocesses  (2 )  a n d  (3).  
These  p rocesses  a r e  expec ted  to dom i na t e  for sma l l  
mo lecu l e -me ta l  d is tances ( < , 5  nm) .  
A  cons i de rab l e  a m o u n t of wo rk  h as  b e e n  devo t ed  to 
l i ne  s h a p e  stud ies of phys i so rbed  mo lecu les .5’8  T w o  dif fer- 
en t  t echn i ques  h a ve  b e e n  app l i ed .  B y  m e a n s  of i n f ra red  
ree lec t i on -abso rp t i on  spec t roscopy in fo rmat ion  is ob t a i ned  
abou t  the  v ib ra t iona l  f r equenc ies  a n d  bandw id ths .  These  
quant i t ies c an  b e  s tud ied  as  a  funct ion of su r face cove r -  
age .  ‘9 ’ T h e  obse rva t i ons  a r e  exp l a i ned  in  te rms of la tera l  
d i po l e -d i po l e  a n d  d i po l e - image -d i po l e  interact ions.” E lec -  
t ron  ene rgy - l oss  spec t roscopy has  b e e n  emp l o y ed  to s tudy 
e lect ron ic  as  we l l  as  i n f ra red  t rans i t ions of adso rba tes  o n  
m e tal sur faces.5’” In a l l  cases  a  b r o a den i n g  of the  spect ra l  
fea tu res is obse r ved  wi th respect  to mul t i l ayer  va lues.  Th is  
is usua l l y  at t r ibuted to a  r e d uced  exc i ted state l i fe t ime5’*‘” 
caused  by  in te ract ion b e tween  the  phys i so rbed  mo lecu l es  
a n d  the  m e tal. 
Fo r  d is tances shor te r  t han  1  n m  chemica l  effects wi l l  
a l so  a l ter  the  l i ne  s h a p e  a n d  l i ne  pos i t ion.3’5  Chem ica l  
b o n d i n g  to the  subst ra te  a lso  affects the  v ib ra t iona l  f re- 
quenc ies .  A n o ther  effect that m a y  occu r  is e lec t ron  t ransfer  
f r om the  adso rba t e  to the  subst rate.3,5 
In this p a p e r  w e  repo r t  o n  a  study of the  f l uo rescence  
spect ra  of s ubmono l aye r s  of r h o d am i n e  6 G  (R6G )  s paced  
by  amy lose -ace ta te  ester  layers  f rom a  p l a n e  a l um i n um  
mir ror .  A l u m i n u m  ins tead  of s i lver was  chosen  as  a  sub -  
strate b ecause  the  l um inescence  is less eff ic ient ly q u e n c h e d  
in  this case.  T h e  d is tance b e tween  the  m i r ro r  a n d  the  R 6 G  
mo lecu l es  was  va r i ed  ove r  a  r a n g e  of 1 - 6  n m  by  use  of 
t ranspa ren t  po l yme r  layers  of 1  n m  th ickness. T h e  advan -  
t age  of us i ng  po l yme r  space r  layers  i ns tead  of conven t i ona l  
fatty ac id  mono laye rs ,  is that a  h i ghe r  spat ia l  reso lu t i on  
c an  b e  ach i eved  (  1  n m  vs 5  n m , respect ive ly) .  Th is  is 
c aused  by  the  fact that on ly  o n e  po l yme r  space r  l aye r  is 
t ransfe r red  p e r  d i pp i ng  cycle. In this way  the  fo rmat ion  of 
b i l ayers  is p reven ted .2”2  
W e  f ound  that the  l i new id th  of the  em iss i on  spec t rum 
d e p e n d s  o n  the  d is tance of the  s amp l e  to the  mi r ror .  In 
add i t ion ,  w e  obse r ved  for sma l l  d is tances a  l ine, b r o a den -  
ing.  W e  a lso  m e a s u r e d  the  f l uo rescence  l i fet ime a n d  the  
appa r en t  q u a n t um  y ie ld  of em iss i on  as  a  funct ion of 
emi t te r -mi r ro r  d is tance.  A l l  obse rva t i ons  can  b e  exp l a i ned  
assum ing  ene r gy  t ransfer  f r om the  mono l a ye r  to the  m i r ro r  
occurs,  us i ng  ex ist ing theory.  
T o  the  best  of o u r  k n ow l e dge  this is the  first tim e  that 
it is s h own  that the  spect ra l  w id th  of a  mono l a ye r  d e p e n d s  
o n  the  d is tance to a  mi r ror .  
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FIG. 1. Absorption (solid curve) and fluorescence (dashed curve) spec- 
tra of submonolayers of rhodamine 6G on a Coming 7059 glass substrate. 
The excitation wavelength was 488 nm. 
EXPERIMENT 
R6G was obtained from Lambda Physik, and was used 
without further purification. R6G monolayers were pre- 
pared by the dipping technique. The dipping proceeded at 
a rate of 0.25 mm/s from 5X 10m5M ethanolic solutions. 
As is evident from the absorption spectrum (Fig. 1 ), no 
sign of aggregation is observed.13 
The substrates were prepared by evaporation, at a pres- 
sure of 10e5 Torr, of thick aluminum layers onto Corning 
7059 microscope slides. The slides were cleaned before use 
in chromic acid, and were rinsed ultrasonically with 
mill&Q water, acetone, chloroform, and hexane. 
The spacer layer consisted of amylose-acetate ester, 
and was made by the Langmuir-Blodgett technique at a 
surface pressure of 7 mN/m.12 The subphase was highly 
purified water (milli-Q), at a temperature of 22 “C. A 
monolayer was transferred during every upstroke. 
The fluorescence spectra, observed in the direction per- 
pendicular to the substrate surface, were recorded using an 
intensified optical multichannel analyzer (Princeton In- 
struments). The 488 nm line of an argon-ion laser (Spectra 
Physics) was used as excitation source. 
The fluorescence lifetime of R6G monolayers were 
measured using a time correlated single photon-counting 
system. A cavity-dumped mode-locked argon-ion laser 
(Coherent, Inc.) operating at a repetition rate of 94 kHz 
(5 14.5 nm) was used as an excitation source. The photo- 
multiplier used was a Hamamatsu microchannel plate 
(R1564U-01). While the intrinsic time resolution of the 
detection system is 33 ps for ultrafast excitation, the actual 
time resolution in our experiment was 45 ps, due to the use 
of a mode-locked Ar+ laser as an excitation source. 
THEORETICAL CONSIDERATIONS 
For a calculation of the influence of aluminum sub- 
strates on the fluorescence lifetime of physisorbed R6G, we 
employ a theory developed by Persson and co-workers.5-7 
In this theory the excited state lifetime for an oscillating 
dipole at a small distance d from the metal surface (kd< 1) 
is 
+6&E+l*oFWi 
kFd tip II @pqkFd ’ (1) 
where T1,, is the fluorescence lifetime at an infinite dis- 
tance from the mirror, k is the magnitude of the wave 
vector at the emitted frequency o, E,(O) is the (complex) 
metal dielectric constant, e1 is the dielectric constant of the 
medium in which the dipole is embedded, and 17 is an 
orientational parameter (~=3/2 for a perpendicular di- 
pole and q = 3/4 for a parallel dipole), The last two terms 
between square brackets contain electron-gas parameters 
of a typical metal. Here kF is the Fermi wave vector, @F the 
Fermi frequency, wp the plasma frequency, and 6~ 1 (Ref. 
7) is a constant which depends on the electron-gas density. 
The last term between square brackets is valid for the case 
where k&)coF/o. For a derivation of Eq. ( 1) and a de- 
tailed discussion of the different terms in Eq. ( 1) we refer 
to the work of Persson and co-workers.5-7 
The three terms between square brackets signify the 
different sources of momentum, as mentioned in the Intro- 
duction. The first term represents the bulk contribution to 
the damping rate, and is identical to the classical result 
where the interaction of the transition dipole with the elec- 
tromagnetic field of its image dipole is considered.’ In this 
theory the out-of-phase (imaginary) part of the reflected 
field determines the nonradiative lifetime TI,m, while the 
in-phase (real) part affects the frequency shift Aw. In de- 
riving this term a steplike metal surface was assumed. Fur- 
thermore, a bulk metal dielectric constant is used, while 
surface contributions to the energy decay are neglected. In 
Eq. ( 1 ), however, surface contributions are accounted for 
by the second term between square brackets, where the 
required momentum is supplied by the surface potential. In 
the last term momentum originates from the spatial vari- 
ation of the near field of the dipole. The distance behavior 
of the three terms between square brackets is different. For 
the volume scattering a d-’ behavior was calculated, while 
a dm4 behavior was obtained for the other two contribu- 
tions. Volume contributions are expected to dominate for 
metal substrates in the frequency region of strong inter- 
band transitions. This expectation is indeed borne out for 
molecule-surface separations down to 1 nm.3,14 For nearly 
free-electron-like metals the dw4 terms are dominant at 
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FIG. 2. Fluorescence lifetime as a function of emitter-metal distance FIG. 3. Fluorescence spectra of rhodamine 6G submonolayers separated 
(solid dots). The solid line results from the calculation according to F,q. by a distance d from the aluminum surface by one (d=2 nm, solid line), 
(1); the dashed curve is obtained when only bulk contributions to the and five spacer layers (d= 6 nm, dashed line). The excitation wavelength 
energy-transfer rate are incorporated. was 488 nm. 
small molecule-surface separations (CM nm), and a flu- 
orescence lifetime is calculated which is about 10 times 
shorter than would be estimated, if only bulk scattering 
processes were taken into account. 
RESULTS AND DISCUSSION 
The results of fluorescence decay measurements of 
R6G physisorbed to aluminum substrates are given in Fig. 
2, where the fluorescence lifetime is plotted vs the distance 
between the emitters and the mirror. Fluorescence decay 
curves could be fitted to a single exponential, in agreement 
with the work of Leitner et al. l5 For molecule-surface dis- 
tances shorter than ~4 nm the fluorescence decay time 
was found to be beyond the system response (45 ps) . For 
these distances the fluorescence lifetime was indirectly de- 
termined from relative quantum yield measurements. The 
solid line in Fig. 2 is based on Eq. ( 1) using a metal di- 
electric constant em= -39.2+i11.77,16 el= 1.3, and 
T,,, =3 ns, and ~=3/4 corresponding to the known par- 
allel orientation of the R6G molecules with respect to the 
substrate surface.” Furthermore, we used w = 3.3 x 10” 
rad/s, w,=Z.-39 X lOI6 rad/s, wF= 1.7774X lOI6 rad/s, and 
kF= 1.75X 10” m-l.‘* The requirement k&-coF/a is met 
for the whole regime of emitter-metal distances studied, 
justifying the expression for the last term in Eq. ( 1) [for 
the smallest distance of 1 run (k&)/(wF/o) ~3.21. The 
dashed line in Fig. 2 is the classical result,’ where surface 
contributions to the damping rate are neglected. Note that 
Wavenumber (cm-‘) 
incorporation of these contributions in the calculations 
leads to a substantial better agreement with the experimen- 
tal data. 
In estimating the distance of the emitting layer from 
the metal surface we presume a native oxide layer of 1 nm 
thickness to be present at the metal surface.” This oxide 
layer is formed within 2 h of exposure to air, after which it 
slowly grows until it reaches, after about one month, its 
final value of about 4 nm. This oxidation process is un- 
avoidable due to the application of spacer layers by the 
Langmuir-Blodgett technique. All measurements were 
done within 1 h after preparation. 
In addition to lifetime and quantum yield measure- 
ments we also measured the distance dependence of the 
fluorescence spectra for physiosorbed R6G monolayers. In 
Fig. 3 emission spectra are shown for R6G monolayers 
separated by one (d- 2 nm), respectively five (de 6 nm), 
polymer spacer layers. A broadening of the spectrum close 
to the mirror is observed. This broadening appears to be 
asymmetric due to redshift (70 cm-‘) that accompanies 
this change of line breadth. An estimate of the spectral 
redshift can be made by using the classical expression for 
the interaction between an oscillating dipole with its ficti- 
tious mirror image.’ For kd< 1 this yields the following 
equation: 
Aw=o(d) --o( co ) 
=-y (dk)-3Tl,L Re (:K::)~ (2) 
where q is the quantum yield of emission at infinite dis- 
tance from the mirror. With Eq. (2) we calculate a redshift 
J. Chem. Phys., Vol. 98, No. 7, 1 April 1993 
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FIG. 4. Plot of the FWHM of the emission spectrum normalized with 
respect to the FWHM at infinite distance from the mirror, as a function 
of emitter-mirror distance (solid dots). Also shown are the results of 
measurements for R6G physisorbed directly onto aluminum (open cir- 
cles). The solid and dashed lines are based on calculations using Eqs. (1) 
and (3), whereby e = 1 ps (solid line), and Tf = 100 fs (dashed line). 
of 17 cm-’ (d=2 nm), which is substantial smaller than 
the observed redshift of about 70 cm-’ (see Fig. 3). It is 
clear that while the right order of magnitude for the shift is 
calculated quantitative agreement is not achieved, At this 
point it is not clear what the source of the discrepancy is. 
An estimate of the line broadening can be made using 
Eq. ( 1). The effect of the reduced excited state lifetime on 
the homogeneous damping rate Whom can be calculated 
from2’ 
(3) 
where T1 is the excited state lifetime (longitudinal relax- 
ation time), and Tf the pure dephasing time (transversal 
relaxation time) .20 An effect of the reduced excited state 
lifetime on the homogeneous linewidth can be expected if 
T, becomes comparable to Tz. 
The distance dependence of the full width at half max- 
imum (FWHM) of the fluorescence spectra, normalized 
with respect to the FWHM at infinite distance from the 
mirror, is plotted in Fig. 4. The width decreases sharply 
with increasing distance and remains constant for emitter- 
mirror distances larger than 5 nm (solid circles). Also 
shown are measurements of the FWHM for R6G phys- 
isorbed directly onto aluminum surfaces (open circles). 
The distance dependence of the normalized FWHM is cal- 
culated according to Eq. (3) using the expression of Eq. 
(1) for T1, where we assume the pure dephasing rate and 
the inhomogeneous broadening to be independent of 
. . 
emittor-met& distance. The solid line in Fig. 4 is the result 
-=-x 
of the above calculations where Tf was set to 1 ps. For 
directly adsorbed R6G, agreement with theory is obtained 
if a pure dephasing time constant of 100 fs is used (dashed 
line in Fig. 4). In these calculations the thickness of the 
oxide layer is again assumed to be 1 nm. 
,.,, The notable difference in pure dephasing times found 
for R6G directly adsorbed to aluminum and for R6G phy- 
sisorbed to polymer spacer layers must be attributed to a 
difference in, chemical environment. Fluctuations in the 
electric field of the conduction electrons, which are felt 
directly by physisorbed dye molecules, will have a reduced 
effect on molecules deposited on a spacer layer. 
The estimated pure dephasing time of 1 ps for the 
polymer-spaced dye monolayers is an order of magnitude 
longer than the value found for molecules dissolved in bulk 
polymers.21 However, it is still an order of magnitude 
shorter than the dephasing times measured for molecules 
in the gas phase.20 As stated, the two-dimensional nature of 
the interaction in our samples is probably the main cause 
for the long dephasing time found. It would be of interest 
to confirm the occurrence of such a long dephasing time by 
another optical technique. 
Finally, it should be noted that the excited state life- 
time of 250 fs calculated for a distance of 1 nm from the 
aluminum surface is of the same order as the lifetime esti- 
mated for the ‘BzU state of pyrazine directly adsorbed to 
the Ag( 111) surface.” 
Summarizing, we have studied the radiative dynamics 
of submonolayers of R6G as a function of distance to an 
aluminum mirror. A shortening of the fluorescence lifetime 
and a reduction of the quantum yield of emission by sev- 
eral orders of magnitude ( =: 104) was measured. Also a 
noticable broadening and redshift of the emission spectra 
close to the mirror was observed. The dependence of these 
quantities on the distance between the sample and sub- 
strate was measured in steps of 1 nm, enabling a detailed 
test of existing theory. From the distance dependence of 
the broadening of the spectra we derived a pure dephasing 
time of 100 fs for R6G molecules directly absorbed to 
aluminum, and a pure dephasing time of 1 ps for R6G 
monolayers deposited on a polymer layer. Most observa- 
tions are in good agreement with theoretical predictions, if 
the bulk and the surface contributions to the scattering of 
electrons in the metal are incorporated. 
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